tively charged soil surfaces, (ii) the ability to form complex molecules with organics found in the soil, and (iii) There are numerous Cr(III)-contaminated sites on Department of Defense (DoD) and Department of Energy (DOE) lands that are the formation of oxides and hydroxides and other insolawaiting possible clean up and closure. Ingestion of contaminated soil M.A. Stewart, P.M. Jardine, T.L. Mehlhorn, and L.K. Hyder, Environ. Sci. Div., Oak Ridge, TN 37831-6038; M.O. Barnett, Dep. of Civil servation Service (NRCS) database, can be used to as-Engineering, 208 Harbert Engineering Center, Auburn Univ., AL sess Cr(III) bioaccessibility at contaminated sites. 36849-5337; and L.D. McKay,
. Typically, calculated health risks are inappropriately based on a reference dose derived from studies T he presence of chromium (Cr) in the environment that use soluble aqueous metal species. The ubiquitous is widespread due to its usage in many industrial metal-sequestering properties of soil may significantly processes. The metallurgic, tanning, and plating induslower the bioaccessibility of Cr upon digestion, which, tries are just a few examples of very common applicain turn may influence the decision for remediation at tions, large and small, which use Cr on a daily basis contaminated sites. Thus, action levels set by state regu- (Nriagu and Nieboer, 1988) . Chromium itself is thermolators concerning the bioaccessibility of Cr in soil may dynamically stable in two oxidative states: cationic Cr need to consider specific soil properties instead of using with a valence of three, Cr(III), and anionic Cr with a generic guidelines (Proctor et al., 1997) . valence of six, Cr(VI). Chromium(VI) is often consid-The intent of this paper is to show that Cr(III) can ered to be mobile in the environment while the more be strongly sequestered by soil, which in turn influences environmentally stable Cr(III) is considered less mobile its bioaccessibility. We developed a simple statistical (Chung et al., 1994; Patterson et al., 1997) . There are several factors that contribute to the decreased mobility model based on measured soil properties to estimate of Cr(III) in soil: (i) strong adsorption onto the negathe bioaccessibility of Cr(III)-contaminated soils upon ingestion. We show that common soil properties, which are easily obtainable from the National Resource Con-missing information to the NRCS database. In general, data METHODS generated in our laboratory was in excellent agreement with Soil Type and Characterization the NRCS database. Soil pH was determined using double deionized (DDI) water and 5 mM CaCl 2 in a 2:1 solution/solid A database of metal-contaminated Department of Defense ratio. The pH of the clear supernatant was measured with a (DoD) sites was obtained from the U.S. Army Environmental microprocessor ionalyzer/901 (Orion Research, Beverly, MA) Center, Aberdeen Proving Ground, Maryland. Twenty (20) using a combination glass and Calomel electrode (Beckman, DoD Army facilities throughout the USA were chosen for Fullerton, CA). Extractable iron and manganese oxides were consideration based on the high concentration of Cr in their determined with dithionite-citrate-bicarbonate (DCB) using soils and the possible need for remediation (Table 1) . Because the methods of Mehra and Jackson (1960) . Total organic carof the difficulty in obtaining actual contaminated soils from bon (TOC) and total inorganic carbon (TIC) were measured these sites, uncontaminated soils whose properties were simiby combustion on a Perkin-Elmer 2400 Series II CHNS/O lar to the contaminated soils were acquired and treated with analyzer. Soil TOC was determined on pretreated samples to Cr(III). The soil series present at the DoD sites of interest remove TIC, which involved a near-boiling, 3 M HCl extracwere identified using Soil Conservation Survey documents.
tion method on agitated samples. Soil TIC was computed The USDA-NRCS database was then utilized to locate pedon from the difference between total soil C (no pretreatment) numbers associated with each soil series. The NRCS was conand TOC. tacted and in most cases 200 g of the A-horizon and the upper B-horizon soil were obtained for each soil series (Table 1) . Two additional soils were obtained from the Oak Ridge Reser-Contaminant Addition to Soil vation in eastern Tennessee, which also had properties similar Ten grams of soil was placed in a 200-mL glass centrifuge to DoD sites in the southeast USA. Thirty-five soils were vessel along with 100 mL of 500 ppm Cr(III) as CrCl 3 , pH acquired and these encompassed seven major soil orders 4.0. The slurry was agitated on a reciprocal shaker for 2 d, (Table 1) .
centrifuged, and the supernatant decanted for analysis. This Soils were disaggregated with gentle grinding using a mortar was repeated three more times. After the forth addition of and pestle and sieved to provide a soil fraction Ͻ250 m. It Cr, the soils were washed three times with DDI water and is this smaller size material that is more commonly ingested by allowed to air dry. Once the soils were dry, they were gently children since it adheres more readily to the hand (Sheppard et crushed, homogenized, and then wetted with DDI water to al., 1995; Rodriguez et al., 1999) . Soil properties were obtained achieve a 30% moisture content. The soils were kept in a from (i) the NRCS database and (ii) repeated or additional container out of direct light and maintained at 30% water measurements in our laboratory. Soil properties included pH, content in a moisture saturated environment. Soils were incucation exchange capacity (CEC), Fe-and Mn-oxide content, bated in this manner for the duration of the study (i.e., at particle size distribution, and total organic and inorganic C least 100 d). (Table 2) . Repetitive or additional measurements of soil pH, Fe-and Mn-oxide content, and total organic and inorganic C Determination of Chromium on Soil on all soils were performed to verify the quality of, and provide Total Cr on the soil was determined using a modification of (Witmer et al., 1989 (Witmer et al., , 1991 Gargas et al., 1994) , and this data were made using an atomic absorption Cr standard (EM Industries, Hawthorne, NY). Chromium(III) was calculated as the difference between Cr T and Cr(VI). The PBET pH of 1.5 simulates the most aggressive stomach digestive scenario, which is a condition indicative of human fasting. Conditions of higher pH, as a result of food intake, Modeling would most likely decrease Cr bioaccessability even more A multiple regression technique in the statistical software profoundly than the results presented in the current study, package SigmaStat 2.0 (Jandel Scientific) was used to derive thus offering a potential avenue for future research. Both an expression that related Cr(III) sorption and bioaccessibility Ruby et al. (1996) and Yang et al. (2002) found that soil Pb to common soil properties. The model was run using forward bioaccessibility was strongly pH dependent with soluble Pb stepwise regression to determine the most salient soil properdecreasing profoundly over a pH range of 1.5 to 4.0.
ties for calculating sorption or bioaccessibility. Multiple linear regression was then employed to determine the linear equa-Chromium Analysis tion to use when computing the Cr(III) sorption or bioaccessibility based on the important soil properties previously ascer-The PBET supernatant, soil spiking solution, and equilibrium solution were measured for Cr(VI) and total Cr (Cr T ).
tained.
RESULTS AND DISCUSSION
soils can be explained by the differences in soil properties. Multiple linear regression showed that four soil
Influence of Soil Properties
properties were important in determining the amount on Chromium Sorption of Cr adsorbed by the soils: pH, total inorganic carbon (TIC) content, clay content, and cation exchange capac-Chromium sorption (i.e., adsorption and surface preity (CEC). The relationship describing Cr adsorption was: cipitation) by the 35 soils varied markedly with values ranging from 736 mg/kg to 17 460 mg/kg (Table 3) .
Cr(III) (mg/kg on soil) ϭ Ϫ12 666.3 ϩ Sorption of Cr(III) was independent of horizon type (113.8 ϫ % clay) ϩ (364.6 ϫ CEC) ϩ where no distinct trend between A-and B-horizons was evident. The majority of the soils adsorbed between (1743.2 ϫ % TIC) ϩ (1916.7 ϫ soil pH) approximately 3000 mg/kg to approximately 6000 mg/ Chromium(III) sorption by the soils was strongly corkg with four soils as high as approximately 18 000 mg/ related with these soil properties (r 2 ϭ 0.794) suggesting kg. These four soils were all Aridisols and are noted that nearly 80% of the variability in Cr(III) sorption for their high soil pH and for their high TIC content. could be described by pH, TIC, clay, and CEC (Table 4 ). Observed Cr(III) loading levels on many of these differ-Incorporating the other measured soil properties from ent soil types were similar to those measured on actual (Table 4) . Thus, it can be con- ties, significantly contribute to predicting the dependent variable, Cr sorption. The Variance inflation factor (VIF)
day % 100 day % C T on soil Cr(III) bioaccessible Cr(III) bioaccessible
also suggested that collinearity between independent variables was not significant ( as hydroxides covering the surface of the soil (Bartlett to actual DoD-contaminated soils. In general, the A-horizon soils had the lowest percent bioaccessible values, and Kimble, 1976) . It was presumed by Bartlett and Kimble (1976) and James and Bartlett (1983) that the even when they adsorb more Cr(III) on the soil vs. the B horizons (Table 3) . Bioaccessibility did not appear to Cr(III) precipitit consisted of macromolecules with Cr ions in six coordination with water and hydroxy groups. be a function of soil order, suggesting that detailed soil series data, as is used in the current study, was necessary Studies by Fendorf et al. (1994) and Fendorf and Sparks (1994) , using x-ray adsorption spectroscopy (XAS), for predictive purposes (Table 3 , Fig. 1a-e ). Chromium(VI) was also measured in the PBET extractant to showed that with a low Cr(III) surface coverage the principle mechanism was adsorption with an inner-sphere monitor for oxidation of Cr(III) to Cr(VI). The propormonodentate complex on the silica. With increased surtion of bioaccessible Cr that was Cr(VI) was always face coverage (Ͼ20%), precipitation likely occurred and Ͻ1%, suggesting that oxidation reactions were minimal became the dominant sorption mechanism.
or that any oxidation products of Cr(VI) were tightly As with pH, TIC or carbonate content in soils enheld by the soil. These results are consistent with the hanced Cr(III) sorption. The mechanism of increased data presented by Stewart et al. (2003) , which showed sequestration is most likely a localized pH effect at the limited bioaccessibility of Cr(VI) in several soils. carbonate surface, which promotes the formation of As demonstrated by Stewart et al. (2003) , bioaccessi-Cr(OH) 3 species. The localized pH effect is the most bility values leveled off and reached near equilibrium plausible scenario since there was no correlation beafter the first 50 to 100 d. Thus, the 100 d bioaccessibility tween soil pH and soil TIC, thus explaining why collindata is most appropriate for use in the modeling enearity was not a problem for these parameters when the deavor. Stepwise multiple regression indicated two commodel was fit to the Cr(III) sorption data. Several acidic binations of variables considered instrumental in pre-Inceptisols derived from interbedded limey shales and dicting the bioaccessibility of Cr(III) in soils: (i) % clay limestone have relatively large residual carbonate conand % TIC and (ii) % clay and % TOC. Using the tents (Table 2) , due to the slow dissolution of local independent variables from Table 2 , the most significant scale dolomite, and this may serve to enhance Cr(III) model revealed that the bioaccessibility of Cr(III) on sequestration in these systems, even though the overall the soils was correlated with clay and TIC of the soil bulk soil pH is acidic.
( Table 5 ). The relationship describing Cr(III) bioacces-The model also shows a positive correlation between sibility was: the amount of Cr adsorbed and the soil clay content % Cr(III) bioaccessible ϭ and CEC. This was expected since clay minerals tend to be dominated by negatively charged sites on the sur-16.02 ϩ (0.426 ϫ % clay) Ϫ (9.56 ϫ % TIC) face due to isomorphic substitution (Klein and Hurlbut, with an r 2 value of 0.722, which indicated that as much 1993). These negatively charged sites attract the cation as 72% of the variability in Cr bioaccessibility was ex-Cr 3ϩ and a weak, electrostatic bond is formed. The more plained by the model (Fig. 2) . The model was statistically negatively charged sites that are available (i.e., larger rigorous at the 99% confidence level since P values for CEC), the greater propensity for Cr(III) sorption. Furthe independent variables were well below 0.01, indicatther, clay minerals typically have a large surface area ing that they all contributed to predicting the % bioacthat is capable of accommodating large quantities of cessible Cr(III) ( Table 5 ). Values for VIF were all nearly Cr 3ϩ and Cr(OH) 3 precipitated phases. The more sur-1.000, indicating that there was no redundant informaface area a soil has, the more reactive sites the soil tion in the other independent variables, i.e., soil properhas, and consequently the more Cr that will adsorb to ties, and that collinearity between independent variables the soil.
was not of concern. This indicated that parameter estimates in the model were reliable, which is in agreement
Influences of Soil Properties
with the low standard errors on the estimated values on Chromium Bioaccessibility (Table 5 ). The model also passed the Normality Test and the Constant Variance Test, suggesting that the The bioaccessibility of Cr(III), as measured by the PBET method, varied widely as a function of soil type data was normally distributed around the regression line and that the variance present in the dependent variable with most soils limiting bioaccessibility to Ͻ45% and Ͻ30% after 1 and 100 d soil-Cr aging, respectively (Ta-is constant. Most important, however, is the true physical significance of the model parameters. The model ble 3, Fig. 1a-e ). Bioaccessibility values were consistently higher for 1 d aging vs. 100 d aging. For all soils suggests that Cr(III) bioaccessibility decreases as the TIC content increases and as the clay content decreases. the percent bioaccessibility ranged from 3.0 to 54.7% at Day 1 and 1.5 to 35.5% at 100 d (Table 3 , Fig. 1a-e ).
As shown with the Cr sorption data, Cr(III) sequestration is enhanced by soils with high levels of TIC. The The aging effect is related to the enhanced stability of Cr on the soil surface with time. Structural reorientation presence of TIC promotes the formation of solid phase Cr(III)-hydroxides that are sparingly soluble, even un-of Cr surface bonds or slow precipitation reactions can account for the stronger sorption of Cr at longer times der acidic conditions. These hydroxides [i.e., Cr(OH) 3 ] precipitate and cover the surface of the soil and are not (Karthein et al., 1991) . Previous studies by Stewart et al. (2003) have shown that aging effects are insignificant easily bioaccessible even in the presence of the low pH in the simulated stomach fluid of the PBET. Conse-after 100 d and that the 100 d data are most relevant quently as the TIC content increases the bioaccessibility % Cr(III) bioaccessible ϭ of Cr(III) in soil decreases. As shown with the Cr sorp-15.54 ϩ (0.408 ϫ % clay) Ϫ (3.78 ϫ % TOC) tion data the clay content on the soil was also correlated with an r 2 value of 0.674. This relationship was similar with the amount of Cr sequestration and thus should to the clay/TIC model where higher quantities of TIC be important in determining bioaccessibility. The bioacand TOC resulted in decreased Cr(III) bioaccessibility. cessibility model suggested that, as the clay content of When clay, TIC, and TOC were used in the same model, the soils increased, the percent of Cr on the soil that is the contribution of TOC was not significant at the 90% bioaccessible also increased. Since the mechanism of Cr retardation on clay minerals is primarily weak electro- with clay and TOC content of the soil (Table 6 ). The † TIC, total inorganic carbon; VIF, Variance Inflation Factor.
relationship describing Cr(III) bioaccessibility was: and not easily broken. The current model again explains confidence level (P ϭ 0.115). This scenario may be an more than 67% of the variability in Cr(III) bioaccessibilartifact of our limited data set, where the most approity and should be useful for soils low in carbonate (TIC). priate model, in fact, includes both TIC and TOC along with clay content. A more extensive data set will be necessary to test this hypothesis. Nevertheless, the model ENVIRONMENTAL SIGNIFICANCE using clay and TOC was statistically rigorous at the This study has shown that site assessments of soil 99% confidence level since P values for the estimated metal bioaccessibility based solely on total soil metal parameters were Ͻ0.01 and the VIF values are approxiconcentrations may not accurately reflect the risk posed mately 1.000, indicating that the variables all contribute by the soils. The sequestering properties of soil signifisignificantly to the equation and that no multicollinearcantly lower the percent of Cr bioaccessible upon ingesity was present among the independent variables. This tion of the otherwise labile Cr. Chromium(III) can be model passed the Normality Test and the Constant Variimmobilized as strongly bound species on clay and orance Test. The model suggested that as the clay content ganic matter, and Cr-hydroxide precipitates on soil decreased and the TOC content increased, the % Cr(III) mineral surfaces. It has been shown that common soil bioaccessible decreased (Fig. 3) . The trend regarding properties are strongly correlated with Cr(III) bioacclay content is consistent with the previous model and cessibility. The availability of these soil properties is the limited bioaccessibility of Cr in the presence of commonplace (e.g., NRCS database), which allows the higher system organic C is conceptually correct. Organic percent bioaccessibility of Cr(III) to be estimated for matter found in soil is a major contributor to the overall a variety of contaminated sites whose remediation is negative charge in soils and thus is an important sorbent pending. The ability to rapidly assess metal bioaccessifor heavy metal cations (Sparks, 1995) . Organic matter bility in soils will facilitate decision making strategies has the ability to form strong bonds with the Cr(III) regarding the need for more detailed and expensive sitewith the metal not readily released during the PBET specific bioavailability (e.g., animal feeding) studies, process. As Cr(III) is considered a Lewis hard acid, it which are designed to assess actual clean-up needs at forms stable complexes with the carboxyl group of the contaminated DoD sites and other sites to a level safe organic matter (Sparks, 1995) . These bonds are stable for human use. Such in vivo studies are lacking with regard to Cr, but research in this area is currently under- the National Resource Conservation Service (NRCS) who provided us with most of the soils for this study. † TOC, total organic carbon; VIF, Variance Inflation Factor.
ation of chromate-contaminated groundwater by reduction and
